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JET FLOW A R O U N D  A SPHERE 

NASA TT F - 13-,015 

T.  A. Vi l 'ge l 'mi  

ABSTRACT. The  reasons f o r  the s t a b l e  behavior of a sphere 
i n  a t h i n  j e t  of gas o r  l i q u i d  d i r ec t ed  v e r t i c a l l y  upward 
a r e  examined on the bas i s  of previous s t u d i e s  and the 
a u t h o r ' s  own experiments. 
verging ahead of the sphere and converging behind i t ,  t h e  
problem becomes one o f  determining the c h a r a c t e r i s t i c s  of 
boundary layer  flow which k e e p  the sphere w i t h i n  the  j e t .  

By conceiving o f  t h e  j e t  a s  d i -  

A sphere loca ted  i n  a t h i n  j e t  of  gas o r  l i q u i d  d i r ec t ed  v e r t i c a l l y  /76i': 

upward i s  he ld  s t a b l y  i n  t h e  l a t t e r .  

t h e  j e t  and the  s i z e  of t h e  sphere,  however, t h e  s t a b i l i t y  i s  destroyed and 

t h e  sphere i s  e j ec t ed  from t h e  j e t .  

A t  a c e r t a i n  r a t i o  between t h e  s i z e  of 

I t  is i n t e r e s t i n g  t o  expla in  t h e  reason f o r  t h e  s t a b l e  behavior of t h e  

sphere i n  t h e  j e t  t o  determine the  fo rce  t h a t  keeps it i n  a s ta te  of s t a b l e  

equi l ibr ium, and t o  determine t h e  value of t h e  r a t i o  of t he  h a l f  width of  t he  

j e t  t o  t h e  r ad ius  of t h e  sphere a t  which the  l a t t e r  i s  e j ec t ed  from the  j e t .  

The ques t ion  of  t h e  s t a b i l i t y  of a sphere i n  a t h i n  v e r t i c a l  j e t  i s  

discussed i n  [l] i n  conjunction with flow around a c i r c l e ,  where t h e  hypothesis  

i s  expressed t h a t  t h e  po in t  of divergence and the  p o i n t  of convergence of 

t h e  j e t  l i e  on the  same diameter.  Without a hypothesis  of  t h i s  kind,  t h e  

problem has no s i n g l e  s o l u t i o n  wi th in  t h e  l i m i t s  of  t h e  scheme of  an i d e a l  

l i qu id .  

J e t  flow around a body of b lun t  shape, and p a r t i c u l a r l y  around a sphere,  

was discussed i n  [Z ] .  In  t h i s  paper ,  t h e  flow around bodies  whose dimensions 

exceeded those  of t h e  nozzle  was inves t iga t ed  at  d i s t ances  from the  i n i t i a l  

cross s e c t i o n  of t h e  j e t  up t o  30-40 diameters of t h e  body. 

experimental ly  t h a t  t h e  flow around the  sphere i s  continuous a t  d i s t ances  up 

t o  8-10 diameters .  I t  i s  suggested t h a t  t he  continuous flow i n  t h i s  a r e a  i s  

I t  was conf imed 

caused by s p l i t t i n g  of t h e  j e t  i n t o  two narrow s e m i f i n i t e  j e t s .  As a r e s u l t  

*Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  fore ign  t e x t .  _. 
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of t h e  development of p re s su re  d i f f e r e n t i a l s  (an atmospheric one a t  t h e  

o u t e r  l i m i t ,  and a negat ive  one a t  t h e  s u r f a c e  of t h e  body) t h e  j e t s  a r e  

pressed  aga ins t  t h e  su r face  of  t h e  body and flow cont inuously around it [ 3 ] .  

In  t h e  p re sen t  paper ,  we s h a l l  be cons ider ing  t h e  na tu re  of  flow around 

a sphere suspended i n  a v e r t i c a l ,  a x i a l l y  symmetric j e t ,  with c e n t r a l  flow 

around t h e  sphere.  

nozzle  dimensions va r i ed  from 6 t o  74 mm. 

The diameters of t h e  spheres  used were 74 and 37 nun. The 

The f i e l d  of v e l o c i t i e s  behind t h e  sphere ,  gene ra l ly  speaking, i s  de- 

t h e  v e l o c i t y  of  t h e  inc iden t  flow, t h e  nozzle  termined by fou r  parameters :  

r a d i u s ,  t h e  s i z e  of  t h e  body and t h e  d i s t ance  from t h e  nozzle  opening t o  the  

c ross  s e c t i o n  where t h e  foremost po in t  of  t h e  sphere i s  loca ted .  Due t o  t h e  

a f f i n i t y  of t h e  v e l o c i t y  p r o f i l e s  i n  t h e  d i f f e r e n t  c ros s  sec t ions  of t h e  f ree  

j e t  [4],  we can use the  value Y as t h e  c h a r a c t e r i s t i c  width of t h e  j e t ,  which 

r ep resen t s  t h e  d i s t ance  from t h e  a x i s  t o  t h e  po in t  a t  which t h e  v e l o c i t y  i s  

equal t o  h a l f  t he  a x i a l  v e l o c i t y  i n  a given c ross  sec, t ion.  

The r e s u l t s  of  t h e  experiments show t h a t  t h e  n a t u r e  of t h e  flow i n  t h e  

wake behind a body i n  t h e  immediate v i c i n i t y  of t h e  sphere (0.054 diameters)  

depends on t h e  r a t i o  Y/R. 

t h e  foremost p o i n t  of  t h e  sphere i s  loca ted ,  and R i s  t h e  r a d i u s  of  t h e  sphere.  

The va lue  of Y i s  taken i n  the  c ros s  s e c t i o n  where 

If Y/R < 1, t h e  flow i s  continuous and t h e  v e l o c i t y  p r o f i l e  has t h e  

form shown i n  Figure 1 (Curve 1) f o r  Y/R = 0.485. With inc reas ing  d i s t ance  

from t h e  body, t h e  p r o f i l e  l e v e l s  o f f  and a t  a d i s t a n c e  of 0 . 5  diameters  i s  

similar t o  t h e  v e l o c i t y  p r o f i l e  of a f r e e  j e t .  If Y/R > 1, t h e  p r o f i l e  has 

t h e  form shown i n  Figure l a  (Curve 2) f o r  Y/R = 1.19. A zone of  r eve r se  

cu r ren t s  i s  v i s i b l e .  As Y/R inc reases ,  t h e  dimensions of t h e  c i r c u l a t i o n  

zone inc rease ,  approaching t h e  dimensions of t h e  zone i n  t h e  case  of flow of 

a uniform j e t  around a sphere.  

The v e l o c i t y  p r o f i l e  behind t h e  sphere i s  genera l ized  f o r  d i f f e r e n t  

nozz les ,  i f  Y/R = const  (Figure l a ,  Curves 1 and 2 ) .  

A change of t h e  i n i t i a l  v e l o c i t y  o f  t h e  inc iden t  flow wi th in  l i m i t s  o f  

25 t o  75 m/sec a t  cons tan t  Y/R does not  change t h e  p i c t u r e  of flow around t h e  

sphere.  
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Figure 1 .  

We examined-the kinematics of motion and found t h a t  t he  flow p i c t u r e  

depends considerably on one parameter.  

dynamics of motion a l s o  depend on t h i s  parameter.  

I t  i s  n a t u r a l  t o  assume t h a t  t h e  

Experiments with a sus- 

pended sphere make it poss ib l e  t o  determine e a s i l y  t h e  r e s i s . t i ve  force  of 

t h e  sphere,  which i s  equal t o  i t s  weight. 

suspension o f  t h e  sphere without weights and assuming the  r a t e  of  flow t o  be 

Using the'method of aerodynamic 

equal t o  t h e  average v e l o c i t y  i n  t h e  c ross  sec t ion  where t h e  sphere i s  sus- 

pended, we obta in  t h e ' c o e f f i c i e n t  of  r e s i s t a n c e  of  t h e  sphere:  

j = S m g !  Z G ~ ~ ~  
- -  

Here m i s  t h e  mass of  the  spheres ,  d i s  i t s  diameter ,  v i s  t h e  average 

ve loc i ty ,  p i s  t h e  gas dens i ty ,  g i s  t h e  accg le ra t ion  due t o  g rav i ty ,  depend- 

ing on t h e  dimensionless parameter Y/R. 

/ 77  - A t  Y/R < 1 t h e  c o e f f i c i e n t  of  r e s i s t a n c e  i s  low. With an . inc rease  of 

t h i s  p-arameter, 5 i nc reases  monotonically and tends toward t h e  value of 5 

i n  t h e  case of  flow around a sphere by a uniform j e t  (Figure l b ) .  

then becomesunstable i n  t h e  j e t  and is  e j e c t e d  from it .  

t o  determine exac t ly  t h e  value of  Y/R a t  which such a phenomenon i s  observed. 

The approximate value of t h e  r a t i o  i s  2.5 t o  3.0.  

The sphere 

I t  was no t  poss ib l e  

4 5 . A change i n  t h e  Reynolds number N with in  t h e  limits 6.7-10 t o  2.0.10 R e  
has a weak inf luence  on t h e  c o e f f i c i e n t  of r e s i s t a n c e ,  which remains p r a c t i -  

c a l l y  cons tan t  i n  t h e  given range of  Reynolds numbers N i f  Y/R = cons t .  Re 
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Now l e t  t h e  ax i s  of a t h i n  j e t  b e  d isp laced  r e l a t i v e  t o  the  cen te r  of  

t h e  sphere.  Then t h e  p i c t u r e  of t he  flow of  an i d e a l  l i q u i d  i n  the  v i c i n i t y  

of t h e  p o i n t  of conver.gence o f  t h e  jets must be symmetrical with t h e  p i c t u r e  

of t h e ' f l o w  i n  t h e  zone of divergence o f  t h e  j e t .  The j e t  i s  de f l ec t ed  by 

t h e  sphere a t  a c e r t a i n  angle ,  and a- s t a b i l i z i n g  f o r c e  i s  developed, d i r e c t e d  

toward t h e  ax i s  of  t h e  j e t  and r e tu rn ing  t h e  sphere t o  a s t a t e  of  s t a b l e  

equi l ibr ium. We have determined experimental ly  t h e  angles  K of  dev ia t ion  of  

t h e  axis of  t h e  j e t  from the  v e r t i c a l  behind t h e  sphere i n  the  case o f  non: . 
c e n t r a l i z e d  flow around t h e  sphere [Figure IC) as well as t h e  f o r c e  F drawing 

t h e  sphere inward (Figure I d ) .  

If t h e  axis o f  t h e  j e t  passes  through t h e  c e n t e r  of  t h e  c i r c l e  about 

which t h e  flow passes ,  then  the  p o i n t  of convergence i s  loca ted  one diameter  

from t h e  p o i n t  o f  divergence of t h e  j e t .  

t h e  case of  c e n t r a l  flow about a c i r c l e ,  w e  can cons ider  i n  t h e  first approxi- 

I t  i s  n a t u r a l  t o  assume t h a t ,  as i n  

mation t h a t  t he  c r i t i ca l  p o i n t s  are loca ted  on t h e  same diameter i f  t h e  axis  

of  t h e  j e t  i s  d isp laced  r e l a t i v e  t o  t h e  c e n t e r  of t h e  sphere [l]. The hypo- 

t h e s i s  of [l] i s  supported by t h e  experiments (Figure 2 ) .  

The experimental  f a c t s  t h a t  have 

---- 

been mentioned i n  conjunction with 

t h e  hypothesis  [l] allow u s  t o  con- 

, s t r u c t  a model of  flow around a 

sphere,  a l lowing an approximate 

c a l c u l a t i o n .  Applicat ion of t h e  

'theorem of  impulses provides  a poss i -  

b i l i t y  of  determining t h e  f o r c e  t h a t  

r e t u r n s  t h e  sphere t o  a s t a t e  of  s t a b l e  equi l ibr ium.  

t h e  angle of  devia t ion  of t h e  a x i s  o f  t h e  j e t  from t h e  v e r t i c a l  behind t h e  

sphere i n  t h e  case of  non-central  flow, as well as t h e  r a d i u s  of t h e  d ivergent  

j e t .  . 

I t  i s  necessary t o  know 

' The hypothesis  i n  [l] makes i t  p o s s i b l e  t o  determine the  angle  o f  

devia t ion  of  t he  axis of t h e  j e t  from t h e  v e r t i c a l .  
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Let u s  consider  t h e  c s se  of t h e  flow of a t h i n ' j e t  around a c i r c l e .  To 

determine t h e  angle  of dev ia t ion ,  it i s  necessary t o  es t imate  t h e  d i s t ance  

of  t h e  p o i n t  of  divergence from the  a x i s  of t h e  j e t ,  

l e t  us cons ider  t h e  impact of  t h e  j e t  on a p l a t e  [SI .  

t h e  j e t  r e l a t i v e  t o  the  diameter of t h e  sphere i n  t h e  v i c i n i t y  of  t h e  diverg-  

ing  poifi t ,  it i s  poss ib l e  t o  consider  t h e  ad jacent  a r c  of t h e  circumference 

as a s t r a i g h t  l i n e  tangent  t o  t h e  su r face  of t h e  sphere a t  t he  po in t  of i t s  

With t h i s  goal  i n  mind, 

With a small width of 

i n t e r s e c t i o n  with t h e  a x i s  of t h e  j e t ,  

In  such a view, the  d i s t ance  of t h e  po in t  of  divergence from t h e  a x i s  

can be represented  i n  t he  form 
.. . .  

1 = 2.3 pl*, 

where d 
t h e  j e t  r e l a t i v e  t o  t h e  su r face .  

i s  the  diameter of  t h e  j e t  and ci is  the  s lope  angle  of  t h e  a x i s  of 0 
The expression i s  v a l i d  f o r  small angles  6. 

In  add i t ion ,  from t h e  r e v e r s i b i l i t y  of motion it fol lows that t h e  flow i n  - /78 

t h e  v i c i n i t y  of t he  po in t  of convergence of t h e  j e t s  behind the  body must be 

symmetric with the  flow i n  t h e  zone of divergence of the  j e t ,  s i n c e  t h e  flow 

w i l l  be symmetric r e l a t i v e  t o  some s t r a i g h t  l i n e  which passes  through t h e  

cen te r  of t h e  c i r c l e  and i s  perpendicular  t o  a diameter drawn through t h e  

c r i t i c a l  p o i n t s .  

Let u s  t ake  t h e  hypothesis  of  [l] as a b a s i s  and use  (1); we can then 

c a l c u l a t e  t h e  angle  of dev ia t ion  of t h e  a x i s  of t he  j e t  from the  v e r t i c a l :  
- ~= 

(2) 'Y. = 2 [arc sin (h / R) - a r c  t an  (1 R)I __ 
_ _  . . ,-- 

Here h i s  t h e  displacement of  t he  a x i s  o f  t h e  j e t  r e l a t i v e  t o  t h e  

cen te r  of t h e  c i r c l e ,  R i s  the  r ad ius  of t h e  c i r c l e  around which t h e  flow i s  

passing,  2 i s  t h e  d i s t ance  from t h e  a x i s  of t h e  j e t  t o  t h e  po in t  of divergence 

along t h e  a r c  of t h e  su r face  around which the  flow occurs ,  and K i s  t h e  angle  

of dev ia t ion  of  t h e  a x i s  of t he  j e t  from t h e  v e r t i c a l .  

Fo r  a . c o r r e c t  determinat ion of t he  fo rce  a c t i n g  on the  sphere,  t h e  geo- 

me t r i c  p i c t u r e  i s  not  completely acceptab le ,  s i n c e  t h e  convergent j e t  i s  

wider than t h e  i n i t i a l  one owing t o  t h e  e f f e c t s  of v i s c o s i t y .  

es t imates  it i s  necessary t o  t ake  the  narrowing of t he  j e t  i n t o  account. Let 

For  q u a n t i t a t i v e  
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us express  t h e  r a d i u s  of t h e  convergent j e t  through t h e  i n i t i a l  d a t a :  

r v and R ( t h e  i n i t i a l  r ad ius  of t h e  j e t ,  t h e  v e l o c i t y  of t h e  inc iden t  

flow, t h e  c o e f f i c i e n t  of kinematic v i s c o s i t y ,  and t h e  r ad ius  of t h e  sphe re ) .  

We run up aga ins t  1 . -  t h e  boundary l a y e r  theory.  In  t h e  flow of at t h i n  j e t  around 

a c i rc le ,  t h e  f r e e  su r faces  of t h e  d ivergent  j e t s  may be assumed t o  be the 

circumferences of  a r a d i u s  c l o s e  t o  t h e  r a d i u s  of t h e  su r face  around which 

t h e  flow t a k e s  p l ace .  I n  t h i s  case, t h e  v e l o c i t y  a t  t h e  ou te r  l i m i t  of t h e  

boundary l a y e r  w i l l  be an unknown quan t i ty ;  t h e r e f o r e ,  we must add t o  t h e  

equat ions of’  t h e  boundary l a y e r  an equat ion f o r  constancy of divergence.  

The system of  equat ions i n  coord ina tes  s, n (s  i s  t h e  long i tud ina l  coord ina te  

along t h e  contour ,  n i s  t h e  t r ansve r se  coord ina te ,  ca l cu la t ed  along t h e  

normal t o  t h e  p r o f i l e )  assumes t h e  form 

0’ 0’ 

0 

Using t h e  i d e n t i t y  

t h e  f i rs t  equat ion  (3) i s  r e w r i t t e n  a s  fo l lows:  

(3) 

(4) 

- - -  -- 

We now in t roduce  t h e  des igna t ion  n/6 = n ,  where 6 is t h e  th i ckness  of  

t h e  small j e t  flowing around t h e  sphere.  I n t e g r a t i n g  equat ion ( S ) ,  

We express  t h e  v e l o c i t y  i n  the  form 
< 

u, = aq + bq2 +- C?13 
d 2 u s ] d q 2  - 0  w h e n  q = O ,  b L-o  

- -  - _  

From t h e  boundary cond i t ions ,  w e  f i n d  the  c o e f f i c i e n t  e :  
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Considering t h a t  a t  po in t  s t h e  v e l o c i t y  i s  equal t o  the  i n i t i a l  0 

0' 0 0' 0 
zr(so) = v s % r we w r i t e  a(s ) = 3/2  vo  (Figure 3 ) .  

The problem becomes one of 

o r  

f ind ing  a and 6 ;  t he  l a t t e r  can be 

determined by two equat ions,  obtain-  

'ed from (6) and (4) as s u b s t i t u t e d  

f o r  t h e  expressions f o r  v : 
S 

0 t r, - 
Figure  3 .  

I 
d a 

6 
0 .  

d 1:a k :  - (a%) = - c_ as = - . dx 6 '  sin x 

Omitting 6, we w i l l  have 
-.. . . - 

a? sin x - -1- k 
d ka 
dx s ins  
--_ 

After  s eve ra l  t ransformat ions ,  we obtg in  t h e  d i f f e r e n t i a l  equat ion 

I t  has t h e  s b l u t i o n  

1 I y = m (*I3 cos3 x - COS X) +- c 
1 

= s /R, w e  f i n d  0' xo 0 S a t i s f y i n g  t h e  o r i g i n a l  condi t ion a ( z  ) = 3 / 2  zr 0 
a as fol lows:  ' . .  . sin x a =  m ( 1 / ~ c ~ ~ 3 x - c o s ~ ) ~ 2 / ~ ( ( s g / ~ ~ R )  +m) 

Consequently, sin x1 
m(Y3 c05.3~2~-cos xl) + - 2 / 3 ( ( ~ 0 /  V ~ R )  +mi 

a, = 

2' 
Considering t h a t  x = IT - x f o r  small  x 

1 2 
being t h e  f i n a l  r a d i u s  of  t h e  j e t ,  we f i n d  al i n  

where x % r l / R  =-S,/R, rl 2 
t h e  form 
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P 

The dev ia t ion  f o r  t h e  i n i t i a l  c r o s s  s e c t i o n  of t h e  j e t  i s  expressed as 

G = nr  v f o r  t h e  f i n a l  c ross  s e c t i o n  G = nR2x22 2 /3  a l .  Proceeding from 
0 0 '  

t h e  condi t ion  of constancy of dev ia t ion ,  we equate  t h e s e  two express ions  t o  

one another  and f i n d  t h e  value of t h e  f i n a l  r ad ius  of t h e  j e t  through t h e  

i n i t i a l  parameters 

- /go 

Using t h e  theorem of  t h e  p re se rva t ion  of momentum and us ing  express ions  

('2) and (9), w e  c a l c u l a t e  t h e  r e a c t i o n  of t h e  j e t  t o  non-cent ra l ized  flow 

around a sphere:  
p\rLl,d5 = F - s  

The fo rce  t h a t  r e t u r n s  t h e  sphere t o  a s t a t e  of  equi l ibr ium i s  d i r e c t e d  

along t h e  x -ax i s  and i s  expressed as fol lows:  

' F ,  = npro2c02 (ro / r J 2  sin */, 

The f o r c e  of r e s i s t a n c e  of t h e  sphere i n  t h e  j e t  i s  

F ,  = npro2 v0' [I - (ro / r~ 21 

The c o e f f i c i e n t  of r e s i s t a n c e  c a l c u l a t e d  by formula 

5 = SF, / p vo? n d ~  

f o r  a t h i n  j e t  co inc ides  with t h e  experimental  d a t a .  The. ca l cu la t ed  d a t a  f o r  

t h e  angle  of dev ia t ion  of t he  a x i s  of  t h e  j e t  from t h e  v e r t i c a l  and t h e  

s t a b i l i z i n g  fo rce  a t  var ious .angles  o f  dev ia t ion  i s  completely and r e l i a b l y  

i n  agreement with t h e  experimental  f i nd ings  (Figure IC and l d ) .  

The au thor  expresses  h i s ' g r a t i t u d e  t o  M. A. Gol 'dsh t ik  f o r  a s s i s t a n c e  

rendered i n  ccnducting t h e  work. 
. 
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